A sample of titanomagnetite Fez.,Ti,.,O,, made by the usual sintering technique was wet ground prior to oxidation in air. The saturation magnetization was found to decrease with oxidation in contrast to previous investigations which had been carried out using open air grinding This result is compared to theoretical models for cation distribution in oxidized titanomagnetites and found to be consistent with the production of a single phase spinel oxidation product. The cause of the apparent NCel P-type thermomagnetic curves of the oxidized materials is discussed on the basis of anisotropic Fez+ ion in octahedral sites and intra-sublattice interactions. It is hoped that a more detailed study may reveal materials with N-type ferrimagnetism-one of the classic mechanisms for self-reversal.
Introduction
Since the discovery by the early Japanese workers in palaeomagnetism that the titanomagnetites carrying the remanent magnetization of igneous rocks are not stiochiometric but, in most cases, oxidized, there has been much interest in the properties of these oxidation products.
The first study of oxidized synthetic titanomagnetites was made by Akimoto, Katsura & Yoshida (1957) . A similar study of oxidized titanomagnetites extracted from lavas was made by Akimoto & Katsura (1959) . These works form the basis of the contours of equal saturation magnetization and other properties displayed on the FeO-Fe,03-TiOz ternary diagram and commonly found in rock magnetism literature (e.g. Nagata (1961)). Apart from intrinsic interest, the main reason for producing these contours was to enable the identification of minerals in rocks. It was also hoped that the hypothetical cubic analogue of the FeZO3-FeTiO3 series suggested by Nicholls (1 955) could be produced by the oxidation of titanomagnetites.
More recent work (Havard 1964 ; O'Reilly & Banerjee 1967) casts doubt upon the possibility of producing single phase cation deficient spinels in the way described by Akimoto et al. and therefore on the validity of the countours shown on the ternary diagram. Interest in the oxidation of titanomagnetites has received an added boost from the correlation found between reversed polarity in lavas and the presence of highly oxidized iron-titanium oxide minerals (Blackett 1965; Wilson 1965) . Although self reversal is considered unlikely, because of the ubiquity of oxidized titanomagnetites in nature, it is necessary to thoroughly work out the mechanism of oxidation to both single and two phase products and investigate the consequent magnetic effects.
Magnetite, Fe,04, may oxidize to maghemite y-Fe203, of spinel structure, or haematite a-Fe,O,, of rhombohedral structure. Which oxidation product is obtained depends on the specific surface, crystalline perfection and the amount of absorbed water in the original magnetite (Colombo et al. 1964.) Because of this, Fe304 produced by precipitation from aqueous solution oxidizes quickly to pFe203 whereas Fe304 produced by a sintering technique usually oxidizes slowly to a-Fe203. Elder (1965) simulated precipitated material by wet grinding sintered Fe30,. In this way the oxidation product was largely y-Fe203.
Titanomagnetite, Fe,-,Ti,O, (0 -= x .c I), may also be oxidized to cation deficient spinel compounds analagous to maghemite or compounds of rhombohedral structure like the haematite-ilmenite solid solution cr-Fe,O,-FeTiO,.
In nature, oxidized titanomagnetites frequently occur as spinel-rhombohedral intergrowths but sometimes as apparently homogeneous single phase cation deficient spinels.
A number of studies have been made of the oxidation of titanomagnetites particularly with the object of producing cation deficient spinel oxidation products. Of particular interest in rock magnetism is the way in which spontaneous magnetization changes with oxidation. Akimoto et al. (1957) ' Havard (1964) and O'Reilly & Banerjee (1967) have all reported that for compositions x > 0.3 the saturation magnetization increases on oxidation. The titanomagnetites used in all these studies were made by a sintering technique.
By considering the probable mechanism of oxidation of titanomagnetites to cation deficient spinels, O'Reilly & Banerjee (1966, 1967) have shown that saturation magnetization should decrease due to oxidation. They conclude that the difference between theory and experiment arises because oxidation experiments have always been carried out on sintered titanomagnetites which have small specific surface, a high degree of crystalline perfection and no absorbed water. Oxidation products are therefore unlikely to be single phase.
Because of the difficulty in incorporating titanium into magnetite made by precipitation from aqueous solution, the oxidation experiments to be described in the present paper were carried out on sintered samples which had been ground in a water slurry. The experiments described here are confined to a sample of initial composition Fe,.,Ti,. *04.
Experimental
Accurately weighed quantities of Fe203, Fe and TiO, (all of about 99.9 per cent purity) were ground together under acetone, pressed into pellets and sealed in quartz tubes at a pressure of lO-'Torr. The samples were &ed at 1150°C for five hours. X-ray analysis showed the product to be a single phase spinel of cell size 8.520 8, which agrees well with the composition Fe2.2Tio.804. This may be described as x = 0-8 in the solid solution xFe,TiO,-(1 -x ) Fe,O,. The sample was then ball milled in a water slurry for 20 h and dried at room temperature. After grinding the particle size was about ly.
A preliminary experiment was performed by heating some of the material in air in a magnetic translation balance. The variation of magnetization with temperature is shown in Fig. 1 . The heating rate was about 10 "C/min and the applied field 3 kOe. The curve shows two peaks at about 300°C and 500"C, which must be interpreted as being due to chemical change. The lower reaction is almost certainly the oxidation of the titanomagnetite to a single phase spinel-probably the 'first stage of oxidation' of O' Reilly & Banerjee (1966) . The magnetization is increasing at this stage rather because the Nee1 temperature is increasing as the chemical composition changes than because the spontaneous magnetization changes as will be seen later. The reaction at higher temperature may be the 'second stage of oxidation' of O'Reilly & Banerjee, or may be due to the decomposition of the cation deficient spinel into a magnetite- ilmenite mixture or more probably both. The final NCel temperature of about 580 "C indicates magnetite formation.
As the purpose of the present investigation was to study the production of cation deficient spinels oxidation experiments were carried out for various times at temperatures below 350 "C. In each case the degree of oxidation was measured by chemical analysis (weight increase data is unreliable because of the absorbed water). The N6el temperature and temperature dependence of saturation magnetization were measured at each stage down to liquid helium temperature. The low temperature measurements were made by the classical extraction method, the sample being moved through the uniform field produced by a 400 kW iron-free solenoid. Two search coils of about 6000 turns connected in series opposition detect the magnetization of the sample, the change in flux being measured using a ballistic galvanometer. The magnetic measurements are summarized in Table 1 . 
FIG. 2. Temperature dependence of saturation magnetization of (a) unoxidized titanomagnetite, (b) after 1 h in air at 180"C, (c) after 8 h at 180°C.
The saturation magnetization was found to decrease with oxidation in contrast to previous investigations. The Ntel temperature increased with oxidation appearing to reach a limiting value of about 350" C for the first stage of oxidation. Oxidation at higher temperatures resulted in a Ntel temperature of 580 "C, the value of magnetite.
The reaction rates were much faster than those observed in the sintered samples of previous investigations, and this should favour cation deficient spinel oxidation products.
The way in which saturation magnetization varied with temperature changed dramatically on oxidation. Figs 2 and 3 show the temperature dependence of magnetization and coercive force between liquid helium and room temperature for the unoxidised sample ( Fig. 2(a) ) and after heating at 180 "C for 1 h (Fig. 2 (b) ) and 180°C for 8 h (Fig. 2(c) ). The oxidized samples show thermomagnetic curves of the NCel P-type (Ntel 1948) . The more highly oxidized samples were all Q-type.
The cell size decreased with oxidation in agreement with previous investigations. Another model has been proposed for cation distribution in oxidized titanomagnetites by O'Reilly & Banerjee (1966). This model is based on the cation distribution of unoxidized titanomagnetites and assumes that octahedrally sited Fe2+ is oxidized preferentially because covalent bonding leads to low mobility of tetrahedrally sited Fez+. Again Ti4+ and vacancies are located in octahedral sites. The variation in saturation magnetization for initial composition x = 0-8 is shown for this model in curve 2 of Fig. 4 .
Both models show a decrease in B sublattice predominant moment reaching zero followed by an increase due to an A sublattice predominant moment. The experimental results (curve 3) fall between the two models indicating perhaps that more Fe3+ is located in tetrahedral sites than allowed for by the second of the theoretical models. The sample heated for 1 h at 180 "C has a degree of oxidation where Z is defined by
The cation distribution calculated in accordance with the observed magnetization would then be vacancies are confined to octahedral sites, but no tetrahedral site Fez+ exists in magnetite so the formation of tetrahedrally sited vacancies does not arise. The NCel P-type thermomagnetic curves found around the point of apparent crossover from B to A sublattice predominant moment are of interest and it is hoped that a more detailed study of this region will reveal N-type materials such as have been reported by Schult (1965) for oxidized titanomagnetites in basalts. Recently Readman, OReally & Banerjee (1967) have suggested that the titanomagnetites with high titanium content showing apparently P-type curves are not P-type at all but that the observed temperature dependence of magnetization is a reflection of the large anistropy of Fez+ in octahedral sites. It is difficult to see how this can be the case for the oxidized titanomagnetite under discussion here which shows a stronger P-type curve than the unoxidized case. Oxidation removes the anisotropic Fez+ ion in octahedral sites and also appears to remove the Fez+ in tetrahedral sites which is distorting the lattice and contributing to the anistropy. However, it is not possible to say that the sign of the BB interaction is positive as required for a NCel P-type ferrimagnetic. The direct exchange interaction between Fe3 + ions in octahedral sites is negative (Goodenough 1960) and the sign of the 90" super-exchange interaction is uncertain. The FeZ+-Fe2"AA interaction has been reported as negative in Fe2+Al, (Pickart & Turnock 1959) . Again oxidation must decrease the number of A A Fez+ interactions.
Our observations show that the oxidation of a wet ground titanomagnetite produces material with decreased saturation magnetization. This is much more easily interpreted than the increases in saturation magnetization reported in previous investigations which are not consistent with the production of a single phase spinel oxidation product.
The anomalous thermomagnetic curves of the oxidized samples lead to interesting speculation about the possibility of finding self reversing oxidized titanomagnetites. Many ferrite solid solutions show a gradual variation with composition in type of thermomagnetic curve often progressing from Q-type (like ferromagnetics), to P-type (having a maximum value of spontaneous magnetization between 0 O K and the NCel temperature) to N type (with a reversal of spontaneous magnetization at the compensation temperature). This is probably the case for the oxidized titanomagnetites, but it must be remembered that to produce a geophysically useful self reversal the compensation temperature of an N type oxidized titanomagnetite must be above room temperature.
